1. A new and rapid continuous assay of rat liver microsomal UDP-glucuronyltransferase (EC 2.4.1.17) has been developed. It is based on measurement of UDP production from UDP-glucuronate during the glucuronidation reaction; UDP production was continuously measured by coupling it to the conversion of NADH into NAD+ through pyruvate kinase and lactate dehydrogenase. This assay is independent of the acceptor substrate used; several findings confirm its applicability. 2. The glucuronidation rate of a series of phenol derivatives was determined with this assay, by using a Triton X-100-activated microsomal preparation as enzyme soirce. Conjugation of a series of nitrophenol derivatives was also investigated by the 'classical' assay (measurement of disappearance ofthe yellow colour of the nitrophenol during glucuronidation). The substrate with the highest conversion rate was 3-methyl-2-nitrophenol. 3. Both electron releasing and electron withdrawing ring substituents increased the glucuronidation rate of the phenol derivatives, as compared with phenol. 4. Lipid solubility seems important for determining the conversion rate: poorly lipid-soluble substrates were glucuronidated only at a low rate, and high lipid solubility seems to be a prerequisite for high conversion rate. Glucuronidation of poorly lipid-soluble compounds may be limited by diffusion. 5. The consequences of these findings for the interpretation of studies on heterogeneity of the enzyme are discussed.
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UDP-glucuronyltransferase (UDP-glucuronate glucuronosyltransferase, EC 2.4.1.17) from rat liver is localized in the endoplasmic reticulum and belongs to the group of enzymes associated with microsomal particles of higher median density (Beaufay et al., 1974) . Its properties are extensively influenced by phospholipid and protein interactions with the surrounding membrane constituents (Graham et al., 1974; Zakim & Vessey, 1974) ; thus high degrees of activation (up to tenfold) of the enzyme activity in vitro can be observed when native microsomal preparations are treated with, e.g., detergents, phospholipases and sonication (Lueders & Kuff, 1968; Winsnes, 1969; Mulder, 1970 Mulder, , 1971 ; Hanninen & Puukka, 1971; Henderson, 1970) .
One of the main problems with UDP-glucuronyltransferase is the proposed heterogeneity of the enzyme. The existence of many forms of UDPglucuronyltransferase, or even of separate isoenzymes, specific for such chemically diverse substrates as 4-nitrophenol, 2-aminophenol, bilirubin or morphine has been suggested (Howland et al., 1971; Vessey et al., 1973; Zakim et al., 1973; Bock et al., 1973; Sanchez & Tephley, 1974;  for review see Dutton, 1971) . On the other hand, these substrates are very physicochemically different compounds; the differences in physicochemical Vol. 151
properties may be the cause of the differences in properties of UDP-glucuronyltransferase observed with different substrates [in that case misleadingly suggesting enzyme heterogeneity; see Storey (1965) and Mulder (1974) ]. Therefore an investigation on substrate specificity of UDP-glucuronyltransferase towards a series of structurally closely related substances of which the physicochemical differences can easily be compared, seems highly necessary.
So far, such investigations have been seriously hampered by the lack of a general assay method for UDP-glucuronyltransferase activity towards potential substrates. Usually, UDP-glucuronyltransferase estimations are based on one of three principles: measurement of disappearance of substrate (4-nitrophenol, 4-methylumbelliferone, phenolphthalein); a special chemical reactivity of the glucuronide product not shared by the unconjugated acceptor substrate (bilirubin, 2-aminophenol); or the separation of radiochemically labelled substrate and product (see, e.g., Lucier et al., 1971; Marniemi & Hiinninen, 1973 (Pontis & Leloir, 1962 (Mulder, 1971 (Mulder, , 1973 .
Microsomalpreparation
Microsomal preparations were made in 0.15M-KCl as described by Mulder (1972) from the liver of 24h-starved rats, and were usually treated with the detergent Triton X-100 unless indicated otherwise. A concentration of 0.25% (v/v) Triton X-100 was applied to the microsomal suspension (containing about 10mg of microsomal protein/ml) before further dilution and addition to the incubation medium. The resulting concentration of Triton X-100 in the incubation medium of the assay was 0.005-0.025 %. (v/v) ethanol in the incubation medium; and about 150pg of microsomal protein/ml. When the aminophenols were tested as substrate the incubation medium also contained L.lmM-ascorbic acid, to prevent oxidation of the aminophenols; the solutions of the aminophenols were made in ethanol-water (1:1, v/v) containing 1lmm-ascorbic acid. The various components were mixed in a cuvette (for most substrates a 10mm-light-path cuvette was used; some substrates such as 4-nitrophenol have a high absorbance at 340nm and these were measured in cuvettes with 5mm light-path) and the reaction was started by the addition of the microsomal preparation. The E340 of the incubation medium was continuously monitored in a Zeiss PMQ II spectrophotometer against water for about 6min at 29°C. In blanks, either UDP-glucuronate or phosphoenolpyruvate was left out of the incubation medium, resulting in a very slow decrease of E340 (see Fig. 1 ).
NADH
'Classical' assay of UDP-glucuronyltransferase by disappearance ofyellow colour (E405) ofnitrophenols
The incubation medium was essentially as reported by Mulder (1971) , containing (final concentrations) 75mM-Tris-HCI, pH7.3 (prepared by adjusting the original Tris solution to pH7.3 with 11.6M-HCl); 5mM-MgCI2; 1.5mM-UDP-glucuronate and 0.6mM-nitrophenol acceptor substrate. Also 1 mM-glucaro-1,4-lactone was included because some of the glucuronides eventually formed might be very sensitive towards fl-glucuronidase present in the microsomal preparation. Incubations were for 10-20min; when the velocity of conversion was measured, at least two incubation times were used to ensure linearity of the reaction. The microsomal 1975 protein concentration in the incubation was about 100,ug/ml when using a Triton X-100-activated microsomal preparation, and about 350,ug/ml when using non-activated microsomal preparations. The reaction was terminated by the addition of 6 % (w/v) trichloroacetic acid to a final concentration of 3 % (w/v) in the incubation medium on ice. After centrifugation the yellow colour was developed by addition of sufficient NaOH solution (resulting pH about 12) and the decrease in E405 was measured, compared with an incubated blank that contained no UDPglucuronate. Where necessary blank values owing to the presence of the microsomal preparation were also subtracted.
Hydrolysis ofreaction products by fi-glucuronidaie
To identify the reaction products of the 'classical' UDP-glucuronyltransferase assay, the incubation medium after the enzyme action was treated with /)-glucuronidase. For this experiment the UDPglucuronyltransferase assay was performed in the absence of glucaro-1,4-lactone. The incubation conditions were chosen such that about 30-40% of the nitrophenol substrate (where applicable, see the Results section) was converted. The glucuronidation incubation was stopped by putting the tubes in boiling water for 1 min. Thereafter, to 1 ml of the incubation medium 0.1 ml of the f-glucuronidase solution (containing both fl-glucuronidase and arylsulphatase activities; diluted 1:9, v/v, with distilled water) was added and either 0.1 ml of water or 0.1 ml of an aqueous solution of 50mM-glucaro-1,4-lactone. Identical tubes were put on ice, or incubated for 60min at 37°C. The reaction was terminated by addition of trichloroacetic acid (see above) and, after centrifugation and colour development with a NaOH solution, the E405 of the unconjugated nitrophenol in the supernatant was measured.
Extraction with n-octanol
Solutions of the phenols (0.6mM) were prepared in 0.4M-Tris-HCl, pH7.4 (prepared by adjusting a 0.4M-Tris solution to pH7.4 with 11.6M-HCI) or in 0.4M-glycine-NaOH buffer, pH10.4 (prepared by adjusting 0.4M-glycine to pH10.4 with 8M-NaOH).
At room temperature these were extracted with equal volumes of n-octanol during shaking for 20min.
Determination ofpKa value ofphenolic hydroxylgroup
pK. values of the phenolic hydroxyl group of 3-methyl-2-nitrophenol and 2-chloromethyl-4-nitrophenol were determined potentiometrically by titration of a 2mM solution of the phenols in 0.01 MNaOH (containing NaCl to an ionic strength I= Vol. 151 0.1 5mol/litre) with 0.1 M-HCI (containing the same NaCl concentration).
Protein determination Protein was determined by the method of Lowry et al. (1951) with bovine serum albumin as standard.
Results

NADH-NAD+-linked assay of UDP-glucuronyltransferase
The production of UDP from UDP-glucuronate during the glucuronidation reaction (1) can be linked by reactions (2) and (3) to the conversion of NADH into NAD+. We have tested this coupled assay of UDP-glucuronyltransferase activity with the acceptor substrate 3-methyl-2-nitrophenol; previous experiments (reported below) had shown that this substrate is converted into the glucuronide conjugate at about three times the rate for the more common substrate 4-nitrophenol. Moreover, 3-methyl-2-nitrophenol has a much lower absorbance at 340nm than 4-nitrophenol and thus interferes less with the assay.
To find out whether the concentrations of pyruvate kinase, lactate dehydrogenase, phosphoenolpyruvate and NADH of our assay were sufficient for our purpose, we added several concentrations of UDP to the complete incubation medium (including the microsomal preparation and 3-methyl-2-nitrophenol, but without UDP-glucuronate present) up to a concentration of 0.2mM-UDP. The concentration of UDP applied to the assay was linearly correlated with the decrease in E340 resulting from its addition. This decrease in E340 was complete within 3 min after addition of the various concentrations of UDP. Therefore these conditions seem sufficient for our present assay in which usually not more than 0.1 mm-UDP is produced (corresponding to 33 % conversion of the acceptor substrate when present at a substrate concentration of 0.3mM). Fig. 1 shows the conversion of 3-methyl-2-nitrophenol at 29°C in this system. A rapid decrease of E340 is observed in the complete incubation medium; when UDP-glucuronate was left out ofthe incubation medium only a slight decrease resulted. In the absence of the acceptor substrate a similar small decrease of E340 is found (results not shown), probably because of hydrolysis of UDP-glucuronate by hydrolases present in the microsomal preparation (Puhakainen & Hanninen, 1974) . Similarly, when phosphoenolpyruvate is not present, the decrease is very small because the production of UDP is no longer linked to the conversion ofNADH into NAD+. Usually the omission of phosphoenolpyruvate and UDP-glucuronate resulted in a slightly higher E340 value for the incubation medium (both in the presence Fig. 1. Time-course ofglucuronidation of 3-methyl-2-nitrophenol measured with the NA DH-NA DI-linked assay Glucuronidation of 3-methyl-2-nitrophenol (0.3mM) was measured continuously with the linked assay at 340nm. The microsomal preparation was activated with Triton X-100. The complete assay medium showed a rapid fall in absorbance at 340nm as glucuronidation continued. After about 10min, NADH and phosphoenolpyruvate were exhausted; both compounds were added to a 0.1 mm concentration at the time indicated. In control experiments UDP-glucuronate (UDPGA) and phosphoenolpyruvate (PEP) were omitted from the incubation medium. The absorbance was measured in a 10mm-light-path cuvette.
and absence ofthe acceptor substrate); most probably these compounds have some effect on the microsomal preparation (on the aggregation state or swelling?), which causes an increase in light-scattering by the microsomal particles. The microsomal preparation accounted for about 0.300-0.500 of the E340 reading in the incubation medium in 10mm-light-path cuvettes (of a total E340 of about 1.800). rather abruptly stopped when phosphoenolpyruvate and NADH were exhausted. Addition of fresh amounts of these substances again caused a decrease of E340. If the percentage of the acceptor substrate converted during the assay was not too high (less than 20% at 0.3 mm acceptor substrate), the conversion rate was constant during several minutes.
Dependence ofglucuronidation rate on microsomal protein concentration is shown in Fig. 2 . At higher protein concentrations the plot curved down. Lineweaver-Burk plots with UDP-glucuronate (range of cQncentrations tested 0.37-1,50mM) and 3-methyl-3-nitrophenol (range 19-300.uM) as variable substrates were linear; apparent Km values were 0.75mM for UDP-glucuronate (at 0.3mM-3-methyl-2-nitrophenol acceptor substrate concentration) and 0.08mm for 3-methyl-2-nitrophenol (at 1.5mM-UDP-glucuronate). Vmax. values were 0.24 and 0.18pumol/min per mg of microsomal protein respectively. With the present method determination of kinetic parameters was extremely rapid and reliable, compared with our experience with the 'classical' method, measuring disappearance of yellow colour during the incubation.
To find out whether glucuronidation rate, as measured with the NADH-NAD+-linked assay, gave the same velocity of glucuronidation as the assay based on the disappearance of the yellow colour (Eo5), we measured the glucuronidation rate of 4-nitrophenol on the same incubations by both assays. After recording the decrease of E340 in the linked assay with 4-nitrophenol as substrate (in 5mm-light-path cuvettes) the contents of the cuvette were added to a 6% (w/v) trichloroacetic acid solution. (2) and (3), as shown by their lack of effect on the conversion rate of a known amount of UDP added in control incubations.
All phenol derivatives tested had a higher conversion rate than phenol itself, except for the three hydroxybenzoic acid isomers, the aminophenol isomers, N-acetyl-4-aminophenol and 4-hydroxybenzenesulphonic acid. As shown in Table 1 , in which also some data on physicochemical properties of the phenols are presented, these latter substrates are the substrates with the lowest n-octanol solubility when extracted from an aqueous solution at pH7.4.
The introduction of an N-methyl group into 4-aminophenol enhanced the glucuronidation rate of the parent compound considerably, to about three times the rate for phenol. The same happened when in 4-hydroxybenzoic acid the carboxylic group was esterified with an ethyl group. A fluorine atom at the 4-position enhanced glucuronidation of phenol to a Table 1 . Glucuronidation rate ofphenol derivatives measured with the NA DH-NAD+-linked assay, andsomephysicochemical data ofthe phenols Glucuronidation rate was measured at 29°C with the NADH-NAD+-linked assay. The concentration of the acceptor substrate was 0.3 mm. Triton X-100-activated microsomal preparations were used; the microsomal protein concentration was 160pg/ml. The acceptor substrates were dissolved in ethanol-water (1:1, v/v); after addition of the substrate to the incubation, the medium contained 5%. very limited extent, chlorine gave much stronger enhancement but bromine gave the greatest increase in activity. When a nitro group or a methyl group was in the 2-position it had a smaller enhancing effect on reaction rate than at the 4-position; with a chlorine atom the situation was the reverse. Finally, the methoxy group had a lesser effect on glucuronidation rate than the methyl group, at least in the para position. The highest rate was found with the substrate 3-methyl-2-nitrophenol.
Apparent Km and Vmax. values of some of the substrates are presented in Table 2 . 4-Chlorophenol and 4-methylphenol had both lower Km values and higher Vmax. values than phenol. Methoxyphenol had the same apparent Km but a higher Vma.. value than phenol.
Identification of reaction products of glucuronidation of nitrophenols measured by disappearance of yellow colour When the nitrophenol derivatives (Table 3) were incubated at 37°C with a microsomal preparation in the presence of UDP-glucuronate, the yellow colour of most nitrophenols (see below) disappeared. This was taken to indicate that the glucuronide conjugates ofthe nitrophenols (all ofwhich are acid-base indicators) had been formed during the incubation; this would lead to loss of the conjugating system, causing the yellow colour to disappear. Some further experiments proved that the glucuronides had indeed been formed. First, the disappearance of E1os (the yellow colour) was shown to be absolutely dependent on the presence of UDP-glucuronate. Secondly, the reaction mixture after the glucuronidation reaction was treated with f8-glucuronidase; the E4os was reversed to the same value as in the blank incubation (without UDP-glucuronate present), presumably by hydrolysis of the nitrophenylglucuronide product. This hydrolysis by I8-glucuronidase could be 100% inhibited by the specific f8-glucuronidase inhibitor glucaro-1,4-lactone. Therefore, with those substrates where disappearance of E405 was found, we have identified the reaction products as glucuronide conjugates of the corresponding nitrophenol.
Glucuronidation ofa series ofnitrophenols measuredby disappearance ofthe yellow colour (E405) Table 3 shows the results of a study in which 13 nitrophenols were tested as substrate of UDPglucuronyltransferase; their glucuronidation rate was measured at 37°C in the 'classical' way by disappearance of the yellow colour at 405nm. The substrate concentration in the experiments of Table 3 was 0.6mM, whereas in Table 1 results are reported at a substrate concentration of 0.3mm.
Conversion rates were determined both with and without preceding activation of UDP-glucuronyltransferase with the detergent Triton X-100. This treatment increased the glucuronidation rate of all nitrophenols to about the same extent, about fourfold.
Comparison of the conjugation rate of the nitrophenols by the Triton X-100-treated microsomal preparation gave the following results. Conversion of 2-nitrophenol was somewhat slower than that of 3-and 4-nitrophenol, these being converted at the same rate. A strong increase in conjugation rate was found when a methyl group was present vicinal to the nitro group, both in the 3-position in 2-nitrophenol (fourfold) and in the 4-position in 3-nitrophenol (twofold). When, however, the nitro group was in the 4-position there was no effect of the methyl group in the 3-position. The enhancing effect of the introduction of a methyl group on the glucuronidation rate of 2-nitrophenol depended on the position of this group: a fourfold increase was found when this methyl group was at the 3-position, a more than twofold increase when at the 4-position and only a small increase when at the 5-position.
The position of the nitro group relative to the methyl group was also important. If in 3-methylnitrophenol the nitro group was shifted from the 2-into the 4-position, the rate of glucuronidation decreased to one-third; in 4-methylnitrophenol it 1975 Table 3 . Glucuronidation rate ofnitrophenol derivatives measured by the 'classical' assay ofdisappearance ofyellow colour (E405) Glucuronidation rate was measured at 37'C by disappearance of E405 during the incubation. The concentration of the acceptor substrate was 0.6mM. Triton X-100-activated microsomal preparations were used; the microsomal protein concentration was lOOupg/ml. The acceptor substrates were dissolved in ethanol-water (1 :1, v/v). See legend to Fig. 1 made no difference whether the nitro group was in the 2-or the 3-position.
The results show that the introduction of a methyl group into the nitrophenol generally enhanced glucuronidation rate.
(4-Hydroxy-3-nitrophenol)-arsonic acid was not glucuronidated at all. Because this might be due to irreversible inhibition of the enzyme by this compound, we have investigated the effect of the arsonic acid derivative on glucuronide conjugation of 4-nitrophenol. At a concentration of 0.6mM it did not affect glucuronidation of 4-nitrophenol at all.
The effect of some 2-and 6-substituents on the glucuronidation rate of 4-nitrophenol is also shown in Table 3 . The presence of two chlorine atoms at the 2-and 6-positions is strongly inhibitory towards conjugation of the interposed hydroxyl group. Only at very high concentrations of microsomal protein could we find conversion of this substrate. When only one chlorine atom was present, in 2-chloro-4-nitrophenol, the rate of glucuronidation was still decreased compared with 4-nitrophenol, but 50 % of the activity remained. When the chlorine atom in the 2-position was separated from the phenyl ring by an interposed methyl group as in 2-chloromethyl-4-nitrophenol, the glucuronidation rate was nearly the same as for 4-nitrophenol. The presence of two methyl groups in 2,6-dimethyl-4-nitrophenol caused a 50 % decrease. Vol. 151 Discussion NADH-NAD+-linked assay transferase of UDP-glucuronylThe present linked assay of UDP-glucuronyltransferase offers a tool in the investigation of substrate specificity of the enzyme, because the assay is independent of the substance used as acceptor substrate (provided it does not inhibit the linking enzymes). Several findings show that the assay is specific for the glucuronidation reaction. First, the decrease in E340 depends on the presence of both UDP-glucuronate and an acceptor substrate. Further, the conversion rate of 4-nitrophenol, as measured with the linked assay and the 'classical' assay of disappearance of E405, yielded the same value. A third argument is that the relative conversion rates of six nitrophenol derivatives when measured with both types of assay were very similar (Table 4) ; the small differences found may be due to differences between the incubation conditions of both assays.
The coupled assay with 3-methyl-2-nitrophenol as acceptor substrate shows normal Michaelis-Menten kinetics over the range of UDP-glucuronate and 3-methyl-2-nitrophenol concentrations tested. The use of this acceptor substrate has the advantage of a higher conversion rate than 4-nitrophenol; moreover, in the linked assay the high E340 of 4-nitrophenol is a disadvantage. Tables 1 and 3 . The glucuronidation rate of 3-methyl-2-nitrophenol has been taken as 100 in both assays. In the linked assay the substrate concentration was 0.3mM, in the 'classical' assay 0.6mM; the incubation temperatures were 290 and 37°C respectively and microsomal protein concentrations were 160 and I00,ug/ml. The microsomal preparation was activated with Triton X-100 in both assays. % of phenol remaining in aqueous phase at pH7.4 Fig. 3 . Correlation between glucuronidation rate ofphenol derivatives and thepercentage ofthesephenols remaining in the aqueous phase at pH7.4 after extraction with n-octanol The data are taken from Table 1 ; the results with (4-hydroxy-3-nitrophenol)-arsonic acid (Table 3) were also included. Glucuronidation rate is expressed as nmol/min per mg of microsomal protein.
The reproducibility and rapidity of the linked assay are highly favourable compared with the assay methods in use so far. The rapidity ofthe assay may be of advantage especially during purification experiments of the enzyme, because within 15 min a reliable estimation of the activity of an enzyme suspension can be obtained. The sensitivity is such that, independent of the acceptor substrate concentration, the production of about 0.01 mM-UDP per 3 min of incubation can reliably be measured spectrophotometrically; this sensitivity is better than that in the 'classical' p-nitrophenol assay, particularly at higher substrate concentration. Measurement of glucuronidation of steroids and many other substrates requires laborious assay methods and may be much quicker and easier with the present method. Changes in activity of the enzyme can be continuously monitored in the cuvette after the addition of agents (e.g. phospholipases, drugs) to the cuvette. Therefore the linked assay seems to provide many possibilities not available so far.
Lipid solubility ofthe substrate
Someauthors (see, e.g., Vainio, 1973) havesuggested that the active site of UDP-glucuronyltransferase might be buried inside the phospholipid phase of the microsomal membrane; in that case, lipid solubility of the substrates would be an important parameter in the determination of glucuronidation rate. With poorly lipid-soluble substrates this rate might easily become diffusion-limited.
Our results are compatible with this model, as shown by Fig. 3 . Octanol solubility, as determined by extraction from an aqueous solution of pH7.4, divided the phenols in two groups. Nine phenols poorly soluble in octanol at pH7.4, were poor substrates or not substrates at all. N-Methyl-4-aminophenol takes an intermediary position in both octanol solubility and glucuronidation rate. The greater group of readily octanol-soluble substances shows a large variation in glucuronidation rate. Since solubility in n-octanol (an organic solvent with properties rather similar to the phospholipid phase of the biological membrane) can be used as an indication of lipid solubility, these results suggest that poor lipid solubility is accompanied by a low glucuronidation rate. Thus the glucuronidation rate of 4-hydroxybenzoic acid is increased greatly if the carboxylic group is esterified with ethanol; lipid solubility increases in parallel. The same applies to 4-aminophenol and N-metbyl-4-aminophenol.
There was no correlation at all between the percentages of the phenol extracted into n-octanol from an aqueous solution of pH 10.4 and glucuronidation rate.
Within the group of readily lipid-soluble compounds small differences in lipid solubility may be relatively unimportant; after a primary division by degree of lipid solubility, other factors determine glucuronidation rate.
Steric hindrance
When bulky substituents are present in the 2-or 6-position steric hindrance at the hydroxyl group in the 1-positAon may occur. Most probably this is the reason for the decrease of glucuronidation rate (as compared with 4-nitrophenol) in 2,6-dimethyl-4-nitrophenol (to about 50%) and 2,6-dichloro-4-1975 nitrophenol (to less than 10%). However, steric hindrance cannot be the only effect, because then the reaction rate should be about equally decreased in both compounds, as the chlorine atom and the methyl group occupy about the same space. The data do not indicate that the presence of a substituent in the 2-position generally causes steric hindrance.
Effect of ring substituents on ghicuronidation rate of phenol
The substrates with a low octanol solubility (more than 50% remaining in the aqueous layer at pH7.4) will be left out of the present discussion because their glucuronidation rate may be diffusion-limited.
Phenols with a pKa value of the phenolic hydroxyl group higher than 9.5 seem to have decreased glucuronidation rates compared with those phenols with lower pKA values. Perhaps a reasonable concentration of the phenolate ion is required for glucuronidation to occur; this concentration may be too low when the phenol has a pKa over 9.5.
The presence of both an electron-releasing methyl group and an electron-withdrawing chloro atom as ring substituent causes great increases in glucuronidation rate of phenol, both by changes in apparent Km and Vmax.. Thus it is not clear whether a more electrophilic or rather a more nucleophilic character of (presumably) the phenolate ion is required for a high glucuronidation rate. In certain aspects, the glucuronidation of phenols can be compared with the attack of a phenolate group on an ester (the glycosidic bond in UDP-glucuronate). By using standard chemical calculations it can be shown that, for instance, chlorine and methyl substituents would have opposite effects on the rate of this reaction. At present these results remain unexplained.
Heterogeneity of UDP-glucuronyltransjerase
As pointed out above, it may be of primary importance to know if a particular substrate belongs to the group of the poorly or the readily lipid-soluble substrates, i.e. if its glucuronidation may be diffusionlimited or is only limited by the activity of the enzyme active site. In studies on heterogeneity of UDP-glucuronyltransferase lack of mutual inhibition of glucuronidation of substrates has been used as an important argument in favour of heterogeneity. It is noteworthy that of two substrates usually used one (2-aminophenol) belongs to the group of the poorly lipid-soluble substrates and the other (4-nitrophenol) to the readily lipid-soluble group; thus glucuronidation of 2-aminophenol might be diffusion-limited whereas that of 4-nitrophenol is not. Inhibition experiments with 2-aminophenol and 4-nitrophenol (Mulder, 1971; Zakim et al., 1973) showed some unusual kinetic characteristics. As extensively discussed by Engasser & Horvath (1974) and Thomas et al. (1974) experiments on inhibition of diffusionlimited enzymic reactions yield very kinetically complicated situations that make it rather hazardous to draw definite conclusions as to mechanism of inhibition or even lack of inhibition, both by potentially competing substrates and by reaction products. Therefore comparison of the properties of glucuronidation of two substrates that belong to these different groups should be analysed with much caution. More detailed kinetic work [albeit rather unreliable with UDP-glucuronyltransferase and its usually lipidsoluble substrates (see, e.g., Graham et al., 1974) ] may be required to come to a more definite conclusion on heterogeneity of UDP-glucuronyltransferase.
